Understanding the LIGO GW150914 event by Naselsky, P. et al.
Prepared for submission to JCAP
Understanding the LIGO GW150914
event
Pavel Naselskya Andrew D. Jacksona Hao Liua,b
aNiels Bohr Institute & Discovery Center, Blegdamsvej 17, DK-2100 Copenhagen, Denmark
bKey laboratory of Particle and Astrophysics, Institute of High Energy Physics, CAS, China
E-mail: liuhao@nbi.dk
Abstract. We present a simplified method for the extraction of meaningful signals from
Hanford and Livingston 32 second data for the GW150914 event made publicly available by
the LIGO collaboration and demonstrate its ability to reproduce the LIGO collaboration’s
own results quantitatively given the assumption that all narrow peaks in the power spectrum
are a consequence of physically uninteresting signals and can be removed. After the clipping
of these peaks and return to the time domain, the GW150914 event is readily distinguished
from broadband background noise. This simple technique allows us to identify the GW150914
event without any assumption regarding its physical origin and with minimal assumptions
regarding its shape. We also confirm that the LIGO GW150914 event is uniquely correlated
in the Hanford and Livingston detectors for the full 4096 second data at the level of 6− 7σ
with a temporal displacement of τ = 6.9± 0.4 ms. We have also identified a few events that
are morphologically close to GW150914 but less strongly cross correlated with it.
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1 Introduction
The recent announcement by the LIGO Collaboration [1] of the first observation of a grav-
itational wave (GW150914) and its theoretical interpretation as the merger of two massive
black holes has generated interest and excitement well beyond the borders of the scientific
community. Quite aside from the evident scientific importance of these results, the ability
to detect strains as small 10−21 is a truly extraordinary scientific and engineering triumph.
While such sensitivity was essential in detecting gravitational waves, it also results in the
observability of noise from a wide range of sources. The LIGO power spectrum includes nar-
rowband effects, e.g. from mechanical resonances and power sources (60 Hz and harmonics),
and more troublesome broadband noise, e.g. from seismic, thermal and quantum effects. The
net effect of all noises sources (including the fact that they are time dependent) is roughly
three orders of magnitude larger than the amplitude of the GW150914 event and thus must
be understood in considerable detail. This matter has been treated with care in [3].
However, given the significance LIGO GW150914 event, it is important to demonstrate
the robustness of its detection by using methods that are based on minimal assumptions
regarding the properties of the signal and are without special assumptions regarding the
physical origins of both sources and noise. The aim of the present paper is to suggest such
a method and to apply it to the analysis of GW150914.
The task is to discover temporally localized identical signals that appear in the LIGO
Hanford Observatory detector (H) and the LIGO Livingston Observatory detector (L) with
a time delay of ±τ = 0−10 ms with a possible sign inversion of the records depending on the
direction of the signal. We first construct the power spectra of H32 and L32. Unwanted low
(ν ≤ 30 Hz) and high (ν ≥ 300 Hz) frequency information is filtered out, and narrow peaks
are clipped. The filtered time records are then constructed, and the Hanford record is shifted
by time ±τ = 0− 10 ms. We then consider the 160 patches of length 200 ms contained in the
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32 second H32 (shifted) and L32 records and calculate the H-L cross-correlation coefficients
for all patches. The H-L patch with the largest cross-correlation is precisely the GW150914
event with τ = 6.9 ms and with inversion of the H32 data. The cross-correlation for all 200 ms
records (inverted and shifted by τ = 6.9 ms) is then considered and confirms the uniqueness
of GW150914 in both the 32 s and 4096 s records. Ordering the cross-correlation coefficients,
we can determine the distribution function and classify the morphological similarity of all
patches to the GW150914 patch. We stress that our method is blind with respect to any
assumption about the astrophysical origin of the GW150914 signal and that it is sensitive to
the morphology (phases) of the signal at all 200 ms records.
2 Description of the time ordered data analysis
The LIGO Collaboration has made available two records of the GW event of September 14,
2015 [6, 8]. These records, of length 32 s and 4096 s, describe the strains measured at the
LIGO Hanford (SH) and Livingston (SL) observatories as a function of time [6]. We consider
first the H32 and L32 s records. These records can be written as
SL(t) = G(t) + nL(t) + FL(t),
SH(t) = (±)G(t± τ) + nH(t) + FH(t), (2.1)
where G(t) is an event observed at detector L and observed (and possibly inverted) at de-
tector H at a time shifted by ±τ . Here, nH,L(t) are the H and L components of broadband
noise, and the FH,L accounts for narrowband systematic effects that can be time-dependent.
In the following, we will assume that the amplitude of the G-signal is greater than the noise
components, |G| > |nH,L|. The primary task is to reduce “foreground” components FH,L to
a level comparable to that of nH,L. The full description of how this reduction is realized by
LIGO is given in [3]. Independent confirmation assumes that at least the major properties of
the GW150914 event can be recovered by a blind technique based on very general assump-
tions regarding foreground effects and the properties of the signal under investigation (i.e.,
without the use of templates for the sources). Our processing of the Time Ordered Data
(TOD) consists of the following steps:
• We start our analysis using the 32 second H32 and L32 records.
• Treating data from the two sites separately, we construct the fast Fourier transform (FFT)
of these records to obtain a power spectrum which contains narrow peaks and a smooth
background of broadband noise. The narrow peaks are then “clipped” down to zero power.
Low (ν ≤ 30 Hz ) and high (ν ≥ 300 Hz) frequency filters were implemented following the
recommendations of LIGO.
• The clipped Livingston power spectrum is inverse Fourier transformed to obtain the mod-
ified record, SL(t). The clipped Hanford power spectrum is also inverse Fourier transformed
to SH(t). We then follow [1] by inverting this function and displacing it by a time τ ≈ 6.9 ms
to obtained the modified record for the Hanford observatory, SH(t, τ).
• For a given choice of τ , we divide the records into shorter patches of length 200 ms. For
each pair of H-L patches we calculate the Pearson cross-correlation coefficient, C(τ), defined
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as
C(τ) =
1
N
∑
j
sH(tj)sL(tj , τ),
N =
(∑
i
s2H(ti)
∑
k
s2L(tk, τ)
)1/2
,
sH,L = SH,L − 〈SH,L〉 . (2.2)
Here, the sums extend over all strain measurements in the given time interval. The desired
signal is identified as being contained in the patch with the maximum value of C(τ). 1
3 Cross-correlation analysis for H32 and L32 records.
Here, we will illustrate the application of the method described above to the H32 and L32
records. Fig. 1 shows the original data from LIGO before any clipping, displacements and
inversions. Note the strong modulations of the data by sinusoidal modes that directly indicate
Figure 1. The H32 and L32 records before cleaning . The black line corresponds to the Hanford
32 s record, and the red line is for the Livingston 32 s record before clipping. The vertical dashed line
indicates the position of GW150914 event.
the existence of large amplitude peaks in the power spectrum as discussed in [1]. Fig. 2 shows
the power spectra of H32 and L32 before clipping and after all narrow peaks mentioned above
have been identified and removed (the vertical red lines) . The lower panel in Fig. 2 shows
the dramatic reduction in the amplitudes of the filtered and cleaned records with respect to
Fig. 1. The peaks in the middle of these records indicate the position of GW150914 patches.
We have verified that, except for these peaks, the resulting noise distributions are Gaussian
and their variances are almost equal.
1The displacement time, τ , in the interval [0, 10] ms was varied and the analysis repeated with the aim of
maximizing C(τ). We have confirmed that the peak of C(τ) is maximized when τ = 6.9± 0.4 ms.
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Figure 2. The top left panel shows the power spectrum of H32 before (black line) and after (red
line) clipping. The top right panel shows the same for L32. The blue line corresponds to the power
spectrum for the 0.2 s GW150914 event after clipping. (The enhancement of the amplitude for this
record by a factor of
√
T32s/T0.2s is due to the different lengths of the H32, L32 and GW150914
records.) The bottom panels show the time records for H32 (left) and L32 (right) after clipping but
without displacement and inversion.
The identity of the 200 ms GW150914 records extracted here and those obtained in [1]
is confirmed by the corresponding coefficients of cross-correlation CH ' 0.97 and CL ' 0.95.
However, it is clearly seen from Fig. 3, that the latter parts of these records (the 100 ms from
2048.35 and to 2048.45 seconds) are more strongly correlated than the full 200 ms records. In
this case, the improvement is not of much significance: CH ' 0.99 and CL ' 0.98. However,
this difference is of greater importance for the cross-correlation comparison between H32 and
L32. In Fig. 4 we show the comparison of our extracted signals for the optimal displacement
τ = 6.9 ms and with the inversion of the H record. Here, the H-L cross-correlation coefficient
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Figure 3. Comparison of the reconstructed 0.2 second GW150914 event by LIGO (black) and by us
(red). The agreement of these results over the entire time interval for both H (left) and L (right) is
striking and provides evidence for the validity of our data processing.
Figure 4. The 0.2 second H (black) and L (red) records with clipping and displacement for τ = 6.9 ms
and inversion.
for the complete 200 ms record is C200H,L ' 0.67. For the second half of the record, C100H,L ' 0.79.
These numbers are the same as those obtained in [1].
4 The running window correlation of the GW150914 event for the 32
second record
In this section we consider how the detectability of the GW150914 event depends on the
displacement parameter τ . We first fix the position of the GW150914 event in the L32 record
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and decompose this complete record into 160 equal patches of length 0.2 s. The H32 record
(inverted and displaced by τ) has been decomposed into the same 0.2 s patches. Eq(2.2) is
then used for each pair of corresponding patches in H32 and L32 for a number of values of
τ including the optimal value τ = 6.9ms. Fig. 5 shows the cross-correlation coefficients for
Figure 5. The cross-correlation coefficients for H32 and L32 for τ = 6.9 ms (left) and τ = 4.0 ms
(right).
τ = 6.9 ms and for τ = 4 ms (as representative of the correlations obtained for other values
of the displacement τ .) The peak in the H-L correlator is readily identified for τ = 6.9 ms; it
is absent for τ = 4 ms.
We note, however, that decomposition of the H32 and L32 records into 160 sub-records
of length 0.2 s could fail to identify genuine signals if a 0.2 s GW event appeared partially in
two neighbouring patches. To avoid this problem we adopt a “running window” approach to
the calculation of the correlator. This approach is defined as follows: Let G(t′) be a short
segment (e.g., length 0.1–0.2 ms) of the GW150914 record from t′ = t′on to t′ = t′off and
G(t′) = 0 otherwise. Let us consider any records, y(t), with zero mean and a length greater
than or equal to the length of t′off − t′on. The running window correlation with fixed t is
defined as:
C(t) =
1
A
t′off∑
t′=t′on
y(t+ t′)g(t′),
A2 =
t′off∑
t′=t′on
g2(t′)
t′off∑
t′=t′on
y2(t+ t′),
g(t′) = G(t′)− 1
t′off − t′on
t′off∑
t′=t′on
G(t′) (4.1)
The running window correlation is determined by moving the 0.2 s window G(t′) bin-
by-bin across the H32 record and calculating the cross-correlation with the H32 component
of the GW150914 event. The process is repeated using the L32 record. The resulting cross-
correlations are presented in Figure 6.
Fig. 6 shows that the cross correlator with the H32 record has the expected value of
C = 1 at the position of the GW150914 event. The negative peak seen in the cross correlator
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Figure 6. The moving window cross-correlations for G(t) (0.2 s) for the H32 record (left) and the
L32 record (right). Note that the signals have neither been displaced nor inverted.
with the L32 record indicates the need for the inversion of the GW150914 record in H32 and
its shift by τ = 6.9 ms. The two methods (i.e., running and non-running cross-correlations)
are complementary. The non-running calculation of the Pearson cross correlator offers a
useful initial tool for performing a rapid blind search for events of interest; the running
method can be used for more accurate assessment once interesting candidates have been
found. Here, for example, the r.m.s value of the cross correlator for all the records with
different τ (including the τ = 6.9 ms record) is Gaussian distributed with σ = 0.11 for both
the running and non-running cases, while the cross correlator for the GW150914 peak is
C200H,L ' 0.67 (for the 0.2 s case) and C100H,L ' 0.79 (for the 0.1 s case). Thus, the signal at the
optimal value of τ = 6.9 ms is detected at the level (6− 7)σ.
5 The search for similar morphology in the 4096 second records
The goal of this section is to extend our analysis to the far larger H4096 and L4096 records in
order to search for events whose structure is similar to that of GW150914 but not present in
the H32 and L32 TOD’s. That fact that this record is 128 times longer than the 32 s record
considered so far will enable us to provide a better statistical description of the distribution
of cross-correlations and will provide greater confidence that the GW150914 event is genuine.
To be consistent with the LIGO procedure for the H4096 and L4096 TOD’s, we have used the
Fourier space filtering from the publicly available LIGO “strain-equivalent noise” data, which
is designated as h(f) by the LIGO team in their paper [3]. We first smooth the logarithm of
h(f) using a 50-bin running window. We then define d(f) as the difference between log(h(f))
and the smoothed log(h(f)). All frequencies with d(f) higher than 4σ of d(f) are removed
from the analysis. The resulting power spectra for H4096 and L4096 are shown in Fig. 7.
After cleaning, we have used the running cross-correlation method to check for signals
morphologically similar to the records, GW150914H,L, that characterize the GW150914 event.
Specifically, we calculate the cross-correlation between each patch in the H4096 data and
GW150914H as well as the cross correlation between the corresponding patch in the L4096
data and GW150914L. These correlators serve as coordinates, x = C(GW150914H , H) and
y = C(GW150914L,L) for the two-dimensional plot shown in Fig. 8. We have investigated
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Figure 7. The amplitude of the power spectrum for the H4096 record (left) and the L4096 record
(right). The black lines show the unfiltered power spectra; the red lines show the result after filtering.
Figure 8. The running window cross-correlations for the GW150914 event using cleaned H4096 (H1)
and L4096 (L1) records. The left panel corresponds to the GW150914 0.2 s event. The right panel
show the same cross-correlations for the second 0.1 s portion of this event. The black lines correspond
to the trajectory of cross-correlations between the GW150914 event as a function of the position of
the running window. Exact overlap corresponds to the point (x = 1, y = 1). The red circles indicate
the positions of the A-D events, starting from that nearest to the black line peak (A) and proceeding
clockwise to D.
two special cases. The first corresponds to the entire 0.2 s GW150914H and GW150914L
record. The second is based on the second half of the GW150914H and GW150914L of
length 0.1 s. We note that both the 32 s and 4096 s records are significantly oversampled,
with strains reported once every 0.06 ms. Thus, the 4096 ms record contains some 6.8× 107
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points. In Fig. 8 the contour lines from black to red colour reflect the number density of theses
points. It is a clear consequence of oversampling that these points will lie on two-dimensional
trajectories. In particular, Fig. 8 shows one such trajectory extending from the main cloud to
the point (1, 1). This trajectory is the expected consequence of the window running smoothly
over the GW150914 event. It is clearly seen that the GW150914 event with the length 0.2 s
is genuinely unique. There are, however, a few events that are morphologically similar to the
GW150914 event for the 0.1 s case with cross correlators at the level of 0.3–0.6. In order to
illustrate these features of the H4096 and L4096 records, we have considered the following
four events from Fig. 7 with the approximate coordinates A = (0.6, 0.4), B = (0.5,−0.5),
C = (0,−0.7) and D = (−0.65,−0.3). All of these events are characterized by a relatively
large high level of positive or negative cross-correlations with GW150914. Event A is pointed
in the direction of GW150914 and seems to be morphologically close to it. Event B is
correlated with H1 but anti-correlated with L1. Event C has a pronounced anti-correlation
with L1, but has no apparent correlation with H1. Event D illustrates the case where both
H and L patches are inverted with respect GW150914. Fig. 9 shows the records in the
time domain for patches A–D along with the records for GW150914. As usual, the Hanford
record has been inverted and shifted by 6.9 ms. We emphasize that none of these events can
be regarded as candidates for a genuine GW event.
6 The GW151226 event
During preparation of this paper, the LIGO team released a second GW event designated as
GW151226 [2]. This event has a peak gravitational strain that is roughly 3 times smaller than
that of GW150914. Its frequency increases from 35 to 450 Hz over a 2 s time interval. (For
comparison, the frequency of GW150914 increased from 35 to 250 Hz over a 200 ms interval.)
The significance of GW151226 is claimed to be “greater than 5σ”, which is comparable to
the significance for GW150914 claimed in [1] and confirmed here. Fortunately, the data for
GW151226 is also publicly available [7]. We have repeated the present model-free analysis
for this data set with appropriate adjustments of both the clipping frequencies and the
time interval considered for the signal. Unfortunately, our template-free approach shows no
statistically significant indication of any common signal in this case as a consequence of a
less favorable signal-to-noise ratio. As noted, the GW151226 signal is materially weaker than
that of GW150914. In addition, the noise level associated with GW151226 is significantly
larger as can be seen from Fig. 10. This is likely to be due in part to the increased frequency
range and signal duration claimed for GW151226.
As seen from Fig. 10, the total power of the second LIGO data release significantly
exceeds that of the first one (GW150914) in the frequency domain 25-300 Hz. This enhance-
ment of the power spectrum increases the contribution of noise to the cross-correlations and,
consequently, decreases them. In this particular and probably more typical case of noise
realization, the implementation of templates for the GW-signal is essential.
7 Discussion
We have suggested a simplified method for the extraction of meaningful signals from LIGO
data and have demonstrated its ability to reproduce the LIGO collaboration’s own results un-
der the assumption that all narrow peaks in the power spectrum can be ascribed to physically
uninteresting signals. After clipping these peaks in frequency space and returning to the time
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domain, the GW150914 event is clearly seen above the broadband noise in the 32 s records.
Thus, the simple technique proposed here permits the identification of the GW150914 event
without any assumption regarding its physical origin. We have shown that the running cross-
correlation method is a powerful tool for the quantitatively reliable extraction of this event
with minimal assumptions regarding the shape of the signal under investigation. We have
confirmed that the LIGO GW150914 event is unique in the H and L detectors with an asso-
ciated time displacement τ = 6.9 ± 0.4 ms at the level of 6–7σ, which is in agreement with
LIGO’s own analysis. At the same time we have identified a few others events in these records
that are morphologically similar to GW150914 but with materially smaller cross-correlations
with it. We have extended our analysis to include the longer 4096 second records using the
LIGO cleaning procedure. In spite of the increase statistical challenges posed by this larger
record, we have again confirmed the uniqueness of the GW150914 signal.
The strength (as well as the weakness) of our approach lies in the fact that it is almost
entirely statistical. The only “physical” assumption is that all narrow resonances in the
power spectrum are necessarily noise that can safely be eliminated independent of their
origin. We regard this method as both a supplement and a complement — but certainly not
an alternative — to LIGO’s thorough analysis of the origins of noise in the power spectrum
and its removal [1, 3–5]. It is a supplement in the sense that it offers interested scientists
an elementary tool that enables them to “discover” gravitational waves in the data that
the LIGO collaboration has made publicly available. The conversion of a “belief” in LIGO’s
analysis to its “understanding” is of considerable value. Our method also offers a complement
to the LIGO analysis. The fact that the analysis of [1] involves binary black hole template
forms might raise concerns that the extracted GW signals could be affected by theoretical
bias. The agreement (i.e., the cross correlation) between the signals extracted by the LIGO
collaboration and by us (shown in Fig. 3 for both the Hanford and Livingston detectors) is
impressive. Indeed, this agreement is materially stronger than the agreement between the
Hanford and Livingston signals. This suggests that the use of templates in [1] has had little
or no effect on the results obtained. Unfortunately, this is not always the case.
In contrast to the unambiguous evidence for GW150914, our approach was unable to
find any indication of the weaker signal of GW151226. In this case, the use of templates
would appear to be essential. This suggests that the interpretation and even the existence
of GW151226 can be affected by theoretical preconceptions. In such cases, independent
observational evidence for the existence of an event would be highly desirable. At the very
least, the meaning of the term “significance” would appear to be quite different in the two
cases.
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Figure 9. From top to bottom: The A-D events of Fig. 8 (right panel) compared to the GW150914
event. H-H and L-L comparisons are shown in the left and right columns, respectively.
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Figure 10. Comparison of the noise spectrum derived from the 4096 second raw data for GW151226
(red) and GW150914 (black). The data has been smoothed by 0.25 Hz for clarity.
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